quantify their influence on microtubule stability. We attached fluorescent microtubule 23 'seeds' to the inside of a flow chamber via biotin-NeutrAvidin linkages and flowed in GTP-24 tubulin, causing dynamic microtubules to grow from the seeds (Fig. 1a) . We then initiated 25 microtubule depolymerisation by washing out tubulin, whilst simultaneously flowing in 26 kinesin-1 motor domains. We used a kinesin motor domain mutant (T93N) as a stable 27 homologue of the nucleotide-free (apo) state of the motor 12 , and compared this to wild-type 28 motor domains (K340) in the presence of different nucleotides. Strong-state kinesin binds 29 tightly and stereospecifically to microtubules 13 . We found that T93N reduced microtubule 30 shrinkage to 1% of the control rate (Fig. 1b,c) and that AMPPNP-WT kinesin had a similar 31 effect, whilst weak-state (ADP-bound) kinesin had no detectable effect (Fig. 1c) . We 32 conclude that strong-state kinesin powerfully inhibits the shrinkage of GDP-microtubules. 33
Next, we bound microtubules to a kinesin-coated coverslip in a flow chamber, triggered 34 depolymerisation by washing out residual GTP-tubulin, and again observed microtubule 35
shrinkage. Geometric constraints suggest that in this arrangement, at most 5 protofilaments 36 can bind to the kinesin surface (Fig. 2a) . Despite this, entire microtubules were stabilised 37 (Fig. 2c) . We then flowed solutions through the channel in 2 steps (Fig. 2b) . First, ADP was 38 3 flowed in, reducing the fraction of kinesins in a strong state and increasing the microtubule 39 shrinkage rate (Fig. 2c, Supplementary Movie 1) . By titrating the ADP concentration, we 40
found that microtubule shrinkage rates could be fine-tuned over 2 orders of magnitude ( Fig.  41 2d, Supplementary Table 1 ). Comparing the inhibition of microtubule shrinkage by kinesin in 42 solution (maximally 0.21 ± 0.02 (25) dimer PF -1 s -1 (mean ± SEM (n))) with that of the kinesin 43 surface (0.06 ± 0.01 (6) dimer PF -1 s -1 in the presence of 400 nM ADP) shows that surface 44 immobilisation enhances the stabilising effect of kinesin, despite its binding being restricted 45
to only a subset of protofilaments. 46
Frequently, faint fluorescent trails were visible on the kinesin-coated surface in the wake of 47 retreating microtubule tips. These shrank endwise upon addition of ADP, suggesting that 48 their tubulin is still assembled into protofilaments (Fig. 2c, Supplementary Movie 1) . Trails 49 are tapered, and fluorescence intensity analysis (Fig. 3a , Supplementary Methods and 50
Supplementary Fig. 1-2 ) indicates that at their tips they contain 2-3 protofilaments (Fig. 3b) . 51
On average, trails can shrink faster than their microtubule stem because they appear 52 transiently, typically forming, lengthening and retracting multiple times during the shrinkage 53 of each surface-attached microtubule ( Supplementary Fig. 3 ). As a final step in these 54 experiments, we flowed in a buffer containing taxol and ATP, triggering kinesin-driven sliding 55 to reveal the microtubule polarity. 56
Why does a kinesin-coated surface stabilise microtubules but also cause them to split? 57
Several strands of evidence suggest that kinesin binding can change the lattice conformation 58 and mechanics of MTs. A kinesin-coated surface has been reported to reduce the Young's 59 modulus of taxol-stabilised microtubules 14 . Structural changes have also been reported for 60 kinesin binding to taxol-stabilised microtubules 15 . More recent data has revealed significant 61 kinesin-induced conformational changes in GMPCPP-microtubules 16 . Additionally, the 62 longitudinal compaction of the microtubule lattice that accompanies GTP hydrolysis is 63
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In order to directly test this model, we grew dynamic microtubules from surface-tethered 89 fluorescent seeds as previously but this time capped their exposed tips with fluorescent 90 GMPCPP-tubulin (Fig. 5a ). We added methylcellulose at a concentration that causes 91 microtubules to bind non-specifically to the surface at sparse interaction sites, so they stay 92
in focus yet remain largely unrestrained. We then flowed in a high concentration (200 nM) 93 of wild-type kinesin motor domains. As predicted, the GDP-bound (non-fluorescent) 94 segment of the microtubule lengthened upon addition of apo-kinesin, bowing so as to adopt 95 a longer path length between the surface-bound points ( Fig. 5a, b (Fig. 5c) . We conclude that 101 this technique is effective at restricting motion in the z-axis, thereby keeping microtubules in 102 focus to allow for reliable measurement of their lengths, but it has no discernible effect on 103 the kinesin-induced increase in lattice spacing. 104
Our data show that strong-state kinesin stabilises the GDP-lattice of dynamic microtubules, 105 and concomitantly increases their lattice spacing by 1.6% (Fig. 5c ). Kinesins are known to 106 bind to the intra-dimer interface of αβ-tubulin, away from the inter-dimer contacts of the 107 microtubule lattice 10, 11, 16, 17 . This suggests to us that kinesin binding allosterically modifies the 108 conformation of GDP-tubulin, giving it properties more similar to GTP-tubulin. Strong-state 109 kinesins have previously been reported to alter the structure of both taxol-GDP-110 microtubules 15 and GMPCPP-microtubules 16 . Moreover, a long-range, ATP-dependent 111 cooperative effect has been described whereby the first few kinesins that bind facilitate 112 subsequent binding events in the same region of the microtubule, again suggestive of a 113 kinesin-induced conformational change 19 . 114
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We envisage that the ability of strong-state kinesin to stabilise GDP-microtubules by 115 inducing a conformational change in their tubulin subunits provides at least a partial 116 mechanistic explanation for the surface-bound depolymerisation trails and the bend-locking 117 phenomenon reported here. Thus, a microtubule landing on and binding to a kinesin-coated 118 surface would likely become stretched on surface-bound side. This stretching would create 119 shear stress in the lattice and potentially contribute towards formation of the trails observed 120 in our kinesin-clamp experiments. Similarly, for the microtubule bend-locking, expanding the 121 longitudinal microtubule lattice spacing by 1.6% exclusively on one side of the microtubule 122 would be more than sufficient to account for the observed kinesin-stabilisation of curvature. 123
Indeed, full occupancy on one side with zero occupancy on the other would produce a radius 124 of curvature of 1.6 µm, far tighter than we observe in any of our post-flow data. 125
We have worked with kinesin-1, the best-studied kinesin, but it is possible that the 126 mechanism we report here is common to other kinesins. Kif14 is a slow kinesin that binds to 127 microtubules in a rigor-like conformation and inhibits their shrinkage 20 30 . It will be important now to understand the role of these various effects in 139 determining how kinesin motility may feed back on microtubule dynamics. 140
In conclusion, our data reveal a novel mechanism that allows kinesin-1 to feed back on the 141 structure and stability of its microtubule track. Recent advances in the remote control of 142 kinesin motility, such as photo-switchable fuels 31 , suggest the potential for precise spatial 143 control of these effects. Kinesin was purified as previously 33 . Kinesin concentrations were determined using E 280 = 163 15,300 M -1 cm -1 . 164
Nucleotides were from Jena Biosciences (Germany). Other reagents were from Sigma (UK). 165
Flow chamber assembly 166
Flow chambers were assembled from 22x22 mm no. and 586/20 and 628/32 for X-rhodamine (Chroma). Combined dark-field and fluorescence 242 imaging was achieved using an FF505/606-Di01-25x36 dichroic mirror (Semrock) and 243 electronic shutters to switch between illumination modes. The shutters, filter wheels and 244 camera were controlled using Metamorph software (Molecular Devices). 245
Kymograph analysis 246
Data were analysed in Matlab (Mathworks). Each microtubule image was aligned 247
horizontally, using the function imrotate to rotate the image according to a hand-drawn line, 248 before averaging columns of 11 pixels spanning the microtubule to generate an intensity 249 profile. This was repeated for the same region of interest (ROI) for every frame in an image 250 stack. Kymographs were produced by vertically concatenating the intensity profiles. 251 were also carried out using Matlab. 257
Analysis of microtubule lattice spacing changes 258
Coordinates of microtubules were extracted from dark-field images using the semi-259 automated ImageJ plugin, JFilament 34 . The coordinates were then mapped onto the 260 fluorescence channel and used to generate a 5-pixel-wide line scan. The fluorescence 261 profiles of the cap and the seed were each fitted with a Gaussian error function in Matlab. 262
The length of the GDP-bound section of the microtubule is then given by the distance 263 between the point of inflection on each curve. The microtubule length change was then 264 assessed by taking the mean length of the manually identified plateaus, as shown in Fig. 5c . 265
Points deviating by greater than 5% from the median length in these intervals were 266 discarded prior to fitting. Long microtubules were selectively chosen for the analysis to 267 improve precision, with the average length of kinesin-free GDP-microtubule segments being Microtubules shown here have been selected for having similar orientations. A more extensive selection is given in Supplementary Movie 2, which shows a complete range of orientations and lengths. The phenomenon is true for microtubules of comparable lengths, as can be seen in the movie. Scale bar: 5 µm. b, Working model. We predict that kinesin has a greater affinity for the expanded (convex) side of the microtubule lattice, and stabilises this lattice expansion. At high concentrations, the convex side of the microtubule will tend to saturate with kinesins, while recruitment to the concave side will continue slowly, driven by the higher concentration. As this continues, we envisage that it will cause the microtubule to re-straighten. from stabilised, green-fluorescent GMPCPP-tubulin seeds and stabilised similarly at their exposed tips. Seeds are tightly tethered to the surface via biotin-streptavidin linkages, whereas the rest of the microtubule is largely free to move (1,2). Flowing kinesin into the channel causes the microtubule to expand and additionally bow due to being pinned sparsely to the surface (3,4). Flushing with ADP-containing buffer encourages detachment of kinesin from the microtubule and also washes out kinesin molecules in solution. The microtubule then quickly reverts to its original length (5,6). Further detail can be seen in Supplementary Movie 3, which also shows a second expansion-contraction cycle. b, Length change of the GDP-part of the microtubule during a kinesin-induced extend-recoil cycle. Measurements are taken from the microtubule as shown in a and numbering corresponds to the frames shown. Horizontal lines show the mean length values in each phase. c, Relative extension of GDP-microtubules upon binding kinesin, categorised by the number of expansion-contraction cycles undertaken. Each point represents a different microtubule (no individual microtubule appears in each category). Mean ± standard error (n) is 1.66 ± 0.15 (11) for the first cycle, 1.62 ± 0.07 (26) for subsequent cycles and 1.63 ± 0.06 (37) for the total population. Mean values are not significantly different (p = 0.80, two-tailed t-test).
